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Abstract
We study photoproduction reactions for Θ+, which was recently observed as a candidate of an
exotic five quark state uudds¯. We employ effective lagrangian interactions in the linear and non-
linear formalism of chiral symmetry and investigate two cases of spin and parity of Θ+, JP = 1/2+
and 1/2−. We calculate cross sections and discuss possibilities to discriminate one from the other.
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I. INTRODUCTION
Recent discovery of the pentaquark baryon Θ+ with strangeness S = +1 has triggered a
diverse interest in a new type of hadron containing more than three quarks. Experimental
evidence was first reported by LEPS group at SPring-8 [1] in a reaction γn→ K+K−n. This
result was subsequently confirmed by DIANA (ITEP) [2], CLAS (J-Lab) and SAPHIR [3]
collaborations. So far the mass and width of Θ+ were observed with a relatively small mass
MΘ ∼ 1540 MeV and a very narrow width Γ<
∼
25 MeV. Experimentally, other properties
are not yet known. On the contrary, there are several theoretical studies for some time
using various effective models [4, 5, 6]. Also, there are numbers of preprints that attempt
to explain the nature of Θ+ [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18]. Perhaps the most
attractive predictions were made by Diakonov et al. in the chiral soliton model [5]. Using
a few input parameters, the masses and decay widths of various channels were calculated
with remarkable agreement with experimental data. In this model, Θ+ was identified with
a member of flavor antidecuplet 1¯0 with S = +1, isospin I = 0 and spin-parity JP = 1/2+.
A peculiarity of these predictions is the positive parity of Θ+, since in a naive valence quark
model, the ground state of the five quark state must have negative parity. There are several
suggestions which brings down the 1/2+ state lower than the 1/2− state [8, 12, 13, 18].
For instance, in Ref. [12], the role of the hedgehog pion was emphasized, while in Ref. [13],
diquark correlations were investigated. Definitely, more theoretical and experimental studies
are needed in order to further understand the nature of Θ+.
The purpose of this paper is to provide a theoretical estimate for photo-induced Θ+ pro-
duction reaction γn → K−Θ+, and present various cross sections which will be utilized in
further experiments. In actual experiments, the final state Θ+ decays into KN eventually.
Here, we do not consider this part for the following reasons. First, the fact that the ob-
served peak of the resonance is very sharp with a narrow width implies that at least in the
vicinity of the resonance position the amplitude is dominated by Θ+ terms with negligible
interference effects with background terms. Second, the theoretical situation for computing
the background process is not well under control. Hence our estimation given here is a crude
one, but will provide a guide line for the study of the relevant reactions.
Here we concentrate on the process of the neutron target exclusively. In this particular
process we investigate in rather detail theoretical aspects of this reaction, since so far there
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are ambiguities that we can not settle, associated with reaction mechanism, interactions and
Θ+ structure. Nevertheless, we attempt to draw some conclusions within acceptable approx-
imations and ranges of unknown parameters. Furthermore, we consider a possibility to get
information on some properties of Θ+ from this reaction. In particular, we consider the
Θ+ production for two possible cases of positive and negative parities of Θ+. The spin and
isospin are assumed to be J = 1/2 and I = 0. Motivated by theoretical interests, we perform
calculations using effective lagrangians of sigma models of linear (with a pseudoscalar cou-
pling, PS) and non-linear (with a pseudovector coupling, PV) types. Equivalence of the two
methods in a certain case is used as a consistency check of our calculations. For quantitative
discussions, we employ a hybrid model (HM) combining the PS and PV schemes with a
suitable weight depending on the energy. We do not include heavier mesons such as scalar
and vector mesons, since we do not know their interactions with Θ+. They may become
important in actual processes. In this sense, our model lagrangians are minimal.
In a recent preprint, Liu and Ko studied various reactions producing Θ+, including photon
and hadron induced processes [19]. For a photon induced process, they studied the case of
a proton target, where they have assumed that Θ+ has positive parity.
This paper is organized as follow. In section II, we formulate effective lagrangians of
sigma model type including the kaon and Θ+. Scattering amplitudes are then computed at
the tree level. Results for numerical calculations are presented in section III, where various
cross sections are shown for cases of positive and negative parity of Θ+. In the final section
IV, we discuss results and summarize the present work.
II. EFFECTIVE LAGRANGIANS AND AMPLITUDES
We consider interaction terms for the calculation of the reaction γn→ K−Θ+ at the tree
level (in literatures, these terms are often referred to as the Born terms). In many cases, we
show the formulae for the positive parity Θ+. The interactions with the negative parity Θ+
may be obtained by removing γ5 in the following equations such as (1) and (2). The relevant
interaction lagrangians (for the positive parity Θ+) satisfying gauge and chiral symmetries
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are given by
LnΘK = igΘ¯γ5K
+n, (PS) , (1)
LnΘK = −
g∗A
2fpi
Θ¯γµγ5∂
µK+n, (PV) , (2)
LγKK = ie
{
(∂µK−)K+ − (∂µK+)K−
}
Aµ, (3)
Lγnn = −i
eκn
2Mn
n¯σµνk
νnAµ, (4)
LγΘΘ = −eΘ¯
(
γµ + i
κΘ
2MΘ
σµνk
ν
)
ΘAµ . (5)
In these equations, Θ, n and K denote the fields of Θ+, the neutron and the kaon, respec-
tively. In Eqs. (1) and (2), g, g∗A and fpi are the coupling constant of nΘ
+K in PS, that
in PV and the pion decay constant being set 93.2 MeV. The strengths of g and g∗A will be
determined later.
In Eqs. (3)-(5), e is a unit charge. In Eq. (4), κn is the anomalous magnetic moment of
the neutron (in units of nucleon magneton) and kµ the photon momentum. In Eq. (5), we
have introduced the anomalous magnetic moment of Θ+, κΘ (in units of Θ magneton). We
do not know its value, and therefore, treat it as a parameter in the following calculations.
For masses, we take Mn = 939 MeV and MΘ = 1530 MeV [5].
In the linear model of PS, we use Eqs. (1), (3)-(5), and compute the three terms as shown
in Figs. 1 (a) – (c). The resulting amplitude satisfies gauge invariance. In contrast, in the
non-linear model of PV, in addition to the three terms, we need the contact term as shown
in Fig. 1 (d), which is obtained by the replacement ∂µ → ∂µ+ ieAµ in the lagrangian Eq. (2).
Defining S = 1 + iT and 〈p′, k′|iT |p, k〉 = i(2π)4δ(4)(p + k − p′ − k′)M, in PS the gauge
invariant amplitudes become
iMs = eg
κn
4Mn
u¯(p′)γ5
/p+ /k +Mn
(p+ k)2 −M2n
(/ǫ/k − /k/ǫ)u(p), (6)
iMu = −egu¯(p
′)/ǫ
/p′ − /k +MΘ
(p′ − k)2 −M2Θ
γ5u(p)
+ eg
κΘ
4MΘ
u¯(/ǫ/k − /k/ǫ)
/p′ − /k +MΘ
(p′ − k)2 −M2Θ
γ5u(p), (7)
iMt = egu¯(p
′)
γ5
(k − k′)2 −m2
K+
u(p)(2k′ · ǫ− k · ǫ), (8)
where u¯ and u are the Dirac spinors of Θ+ and the neutron. p, p′, k and k′ are the four-
momenta of the neutron, Θ+, photon and K−, respectively. Subscripts s, u and t indicate
the channels corresponding to Figs. 1 (a), (b) and (c).
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In the nonlinear framework of PV, the four diagrams of Figs. 1 (a) – (d) must be com-
puted. The first three terms are given by the substitution in the result of PS, γ5 → γ5/k
′
in Eqs. (6) and (7), γ5 → γ5(/k
′ − /k) in Eq. (8). The Kroll-Rudermann term is computed
separately as
iMKR, = −e
g∗A
2fpi
u¯(p′)γ5/ǫu(p). (9)
Now we determine the coupling constants, g∗A and g from the decay width of Θ
+. We use
a formula
Γ =
1
Mi
1
4π
|~Pf |
Ecm
∑
final state
|M|2 , (10)
where ~Pf , Ecm andMi are the relative three momentum of the final state, the total energy in
the center of mass (CM) energy frame and the mass of the initial particle, respectively. We
use Eqs. (1), (2) and Γ = 15 MeV from chiral soliton model calculations. Then, we obtain
g∗A = 0.306 for PV and g = 4.05 for PS. If Θ
+ has negative parity, then we find g∗A = 0.171 and
g = 0.542. It is interesting that these coupling constants satisfy the (extended) Goldberger-
Trieman relations
g∗A
2fpi
=
g
Mn +MΘ
, P (Θ+) = + , (11)
g∗A
2fpi
=
g
MΘ −Mn
, P (Θ+) = − . (12)
Because of these GT relations, the amplitudes computed in the PS and PV become equiva-
lent, when κn = κΘ = 0. This provides a good consistency check of our numerical calcula-
tions.
In reactions such as pion and kaon photoproductions, it is known that only the tree (or
Born) diagrams are not sufficient to reproduce experimental data. In fact, as the energy is
increased the cross sections of the Born terms rise too rapidly. In the hybrid model (HM)
the linear and non-linear models are combined under the assumption that at low energies
the non-linear model works well while at higher energies, the linear one does better. As
proposed in Refs. [20, 21], we consider the following HM amplitude
iMHM = iMPS + i∆M · FHM , ∆M≡MPV −MPS (13)
where FHM = Λ
2
HM/(Λ
2
HM + |
~k′|2) and ΛHM is the mixing parameter depending on the kaon
momentum ~k′. Obviously the amplitude of HM satisfies the gauge invariance. For the mixing
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parameter, we employ ΛHM = 450 MeV [20]. Now we find for the difference between the PS
and PV amplitudes
i∆M = e
g∗A
2fpi
(
κΘ
2MΘ
+
κn
2Mn
)
u¯(p′)γ5/ǫ/ku(p) . (14)
Since κn = −1.91, for a positive value of κΘ the difference ∆M is suppressed, while for a
negative value enhanced. As discussed in the next section, the effect of the mixing of the
PS and PV in the HM is to make the energy dependence of the cross sections milder.
There is another factor we need to consider, which is the effect of the form factor. The
status of theoretical treatment is still controversial due to subtleties of maintaining gauge
invariance. However, the necessity of the form factor seems obvious from physics point of
view as it should reflect the size (or internal structure) of hadrons. For instance, the Born
terms in the K+Λ photoproduction [22] produces too large total cross sections as shown
in Fig. 2. From the comparison in the theoretical and experimental cross sections of KΛ
photoproduction, we may naturally expect a suppression also for the present reaction of
K−Θ+ production. More details will be discussed in the next section.
III. NUMERICAL RESULTS
We present the total and differential cross sections for the cases of positive and negative
parity Θ+ using the lagrangians of PS, PV and HM. present the results with using different
anomalous magnetic moment of Θ+; κΘ = 1.79, 0.0 and −1.79 in the units of Θ baryon. If
we assume a particular structure of Θ+, it is possible to estimate the size of the magnetic
moment. For instance, in a model of Jaffe-Wilczek where two S (total spin) = 1 [ud] diquarks
are in relative p-wave motion for positive parity Θ+, κΘ ∼ −0.7, while κΘ ∼ −0.2 if they
are in s-state for negative parity Θ+ (in this case one of ud diquaks has S = 1). If Θ+ would
be a KN bound state in a p-orbit for a positive parity Θ+, κΘ ∼ −0.4, while κΘ ∼ −0.5
if they are in s-state for a negative parity Θ+. In all cases, κΘ takes a value around -0.5.
These numbers may be compared with a recent evaluation in the chiral soliton model which
provided κΘ = 0.3 [23]. In any event, we treat κΘ as unknown parameter in the following
calculations. As we have mentioned, the equivalence of the PS and PV amplitudes when
κ = 0 has been used as a check of our numerical calculations.
In Figs. 3 the total cross sections are shown as functions of the total energy in the center
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of mass system ECM . The results depend significantly on the choice of a lagrangian scheme
and κΘ. As ECM is increased, the cross sections of PS and PV (and HM when κΘ = 1.79)
increase. Especially, the rate of the increase in the PV seems very large. However, such
a behavior may not be realistic if we recall the result of KΛ production as seen in Fig. 2
In fact, this has motivated us to employ the scheme of the hybrid model (HM). As shown
in the figures, the energy dependence of the HM result is much milder, and the total cross
section is suppressed at large ECM . Because of this, in the following discussions we often
refer to the results of the HM when we address actual numbers. The total cross section in
HM averaged over the energy range ECM <
∼
2.5 GeV is thus about 1.34 µb (for κΘ = +1.79),
0.78 µb (for κΘ = 0), 0.54 µb (for κΘ = −1.79).
Yet we need to consider the effect of form factors associated with extended structure of
hadrons, as we have discussed in the previous section in Fig 2. Indeed, the energy dependence
of the PS cross section for the KΘ production is similar to that of KΛ production when
κΘ = +1.79 is used. The difference in the magnitude may be understood by the difference in
the coupling constants, gKNΘ ∼ (1/2.5)gKNΛ(SU(3) value) ∼ 4. As shown in the right panel
of Fig. 2, the average rate of the suppression is about 18 % in the energy range of 0.9 GeV
<
∼
Eγ <
∼
2.0 GeV (Ethreshold<
∼
ECM <
∼
2.15 GeV). If we expect a similar suppression factor also
for the KΘ production, then a typical total cross section for γn→ K−Θ+ averaged over the
energy range Ethreshold<
∼
ECM <
∼
2.5 GeV would be about 240 nb (for κΘ = +1.79), 140 nb
(for κΘ = 0), 100 nb (for κΘ = −1.79).
At this point it would be useful to demonstrate contributions from each term of the
diagrams. In Figs.4, we show contributions from the direct Born (s-channel), exchange Born
(u-channel), kaon exchange (t-channel), and contact (KR) terms. The s, t and KR terms
do not depend on κΘ, while the u-channel contribution does as seen from Eqs. (6)-(9). In
PS, the u and s-channel contributions are dominant, while in PV, the contact KR term
dominates. The t-channel contribution is relatively small. Also from the figures, we observe
that the threshold behavior of the s, u and KR terms are different from that of the t-channel
meson exchange term. The former produces the E0+ amplitude in S-wave of the final state
KΘ+, while the latter is for higher multipoles.
In Fig.5 differential cross sections at a typical value ECM = 2.25 GeV are shown for
the same κΘ as for the total cross sections. The angular dependence also vary significantly
depending on the lagrangian scheme and on κΘ. However, except for the PS case, the cross
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sections are forward peaking especially when a smaller κΘ is employed. At this point we
note that when κΘ ∼ 0, the angular dependence has a forward peak for the cases of HM and
PV.
Next, in Figs. 6 and 7 we show the results for a negative parity Θ+. The total cross
sections are much smaller than the case of the positive parity by about a factor 1/10 ∼ 1/5.
This can be understood as follows. For instance, as we have seen in the PS scheme the
Born diagrams of s and u-channel processes are dominant. In this case, the KNΘ coupling
for positive parity Θ+ is γ5 (for negative parity it is 1 as in the non-relativistic case). The
Born diagram contains also the electromagnetic coupling proportional to ~ǫ · ~γ, where ~ǫ is
a spatial part of the photon polarization vector. From these structures, one can see that
the amplitude of the direct Born term is of order 1 for the positive parity Θ+, while it is of
order p/M for the negative parity Θ+. The propagation of the negative energy neutron in
the Z-graph type contributes to the term of order 1 for the positive parity Θ+ while there is
no such a leading order term for the negative parity Θ+. Similar suppression is verified for
the PV scheme in the KR term as it should be. We can also verify that t-channel diagram
is also suppressed for a negative parity Θ+. In the non-relativistic limit and for on-shell
particles, the KNΘ vertex has a structure of ~σ · ~q for the positive parity Θ+, while 1 for
the negative parity Θ+, where ~q is an exchanged momentum. The strength of the coupling
is fixed from the decay of Θ+ in which the momentum is q ∼ 256 MeV. In the t-channel
diagram, however, the relevant momentum is about 1 GeV, which suppresses the amplitude
for the negative parity Θ+ by the factor 1/4.
Once again, the total cross section depends on the lagrangian scheme and on κΘ. The
largest total cross section for the negative parity Θ+ is obtained in the PV scheme for
κΘ = +1.79. But if we take the result of the HM and including the suppression factor of 18
% for a reasonable estimate, we obtain: 20 nb (for κΘ = +1.79), 16 [nb] (for κΘ = 0), 14
[nb] (for κΘ = −1.79).
We have also shown in Fig. 7 differential cross sections for the case of a negative parity
Θ+. In this case, it is interesting to see that the cross sections are suppressed at the forward
angle in all cases (more precisely, the results for PS with κΘ = 1.79 and 0 show only a local
minimum at the forward angle.). This is a sharp contrast to the result of the positive parity
Θ+.
Finally, we comment on the possible range of the decay width of Θ+. In DIANA collabora-
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tion [2], Γ(Θ→ KN) was measured to be < 9 MeV. This result is consistent with the remark
in Ref. [5] that Γ could be smaller than 15 MeV. In fact, by employing g
(0)
A ∼ 0.37 [24], Γ
becomes about 10 MeV. If we use a smaller coupling constant corresponding to this narrower
width, cross sections are reduced.
IV. SUMMARY AND DISCUSSIONS
In table IV, we have summarized our main conclusion of the present study, where we
present the mean total cross sections estimated in the HM and with a suppression factor
of 18 % expected from a form factor. The KNΘ coupling constants are determined by
ΓΘ ∼ 15 MeV. Although we have started from the PS and PV schemes of the effective
lagrangians (this was convenient to make a consistency check of our numerical calculations),
in order to obtain a better energy dependence of the total cross section as expected from
the KΛ production, we have shown the results of the HM. For the magnetic moments of
Θ+, a prediction in the chiral soliton model and crude estimation using other models scatter
around −0.7<
∼
κΘ<
∼
0.3 in units of Θ magneton. When a value of Θ not far from zero,
we may use the two features to determine the parity of Θ+; one is the total cross sections
which differ by about a factor ten for the positive and negative parity cases, and the other
is angular dependence which shows a forward peak structure for the positive parity Θ+ but
with a suppressed one for the negative parity Θ+ especially near the threshold region.
TABLE I: Summary of various cross sections. Numbers for total cross
sections are averaged in the energy range ECM <
∼
2.5 GeV. In the third
and fifth column, FP denotes “forward peak”. See the text for more
details.
.
Positive parity Negative parity
Total σ Angular dep. Total σ Angular dep.
κΘ = +1.79 240 nb Weak 20 nb FP suppressed
0 140 nb FP enhanced 16 nb ”
−1.79 100 nb FP enhanced 14 nb ”
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Both observables need more careful analysis when compared with data, since they depend
very much on the lagrangian schemes and the unknown parameters. In particular, the total
cross sections are very sensitive to the form factor as it should be. On the other hand,
the qualitative structure of the angular dependence seems rather stable as long as the HM
scheme is adopted.
As reported by the DIANA group, if the decay width of Θ+ would smaller than 9 MeV, say
for instance 5 MeV, the total cross section is reduced by the factor three and the estimated
σ(γn → K−Θ+) would be of order 10 nb. If we assume that the parity of Θ+ is negative,
the total cross section would be even smaller which would be of order one nb. Definitely, we
need to study more both theoretically and experimentally in order to understand the nature
of the pentaquark state Θ+.
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(a) (b ) (c) (d)
=
+ + +
γ(k) K-(k')
Θ+(p')n(p)
FIG. 1: The tree diagrams for the γn → K−Θ+. (a) the direct Born Diagram (s-channel), (b)
the exchange Born diagram (u-channel), (c) the meson exchange diagram (t-channel), and (d) the
contact (Kroll-Rudermann ≡ KR) term.
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FIG. 2: Left panel: the total cross sections of p(γ,K+)Λ [22]. The theoretical result (solid line)
was calculated by the Born terms using an SU(3) value of gKNΛ. The experimental data are taken
from Ref. [25]. Right panel: the ratio of the experimental data and the theoretical calculation.
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FIG. 3: Total cross sections for three different κΘ’s for J
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lines are for HM, PS and PV, respectively.
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Dashed lines for t-channel, dot-dashed for s-channel and solid for u-channel contributions. For PV,
dotted line for the contact term (KR).
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FIG. 5: Differential cross sections for three different κΘ’s for J
P = 1/2+. Solid, dotted and
dot-dashed lines are for HM, PS and PV, respectively.
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